Objective-A Dicer knockdown approach was used to test the significance of miRNA in regulating the redox state and angiogenic response of human microvascular endothelial cells (HMECs). Methods and Results-Lowering of miRNA content by Dicer knockdown induced vascular endothelial growth factor expression but diminished the angiogenic response of HMECs as determined by cell migration and Matrigel tube formation. Such impairment of angiogenic response in the Matrigel was rescued by exogenous low micromolar H 2 O 2 . Dicer knockdown HMECs demonstrated lower inducible production of reactive oxygen species (ROS) when activated with either phorbol ester, tumor necrosis factor-␣, or vascular endothelial growth factor. Limiting the production of ROS by antioxidant treatment or NADPH oxidase knockdown approaches impaired angiogenic responses. Experiments to identify how ROS production is limited by Dicer knockdown identified lower expression of p47phox protein in these cells. This lowering of cellular miRNA content induced expression of the transcription factor HBP1, a suppressor transcription factor that negatively regulates p47phox expression. Knockdown of HBP1 restored the angiogenic response of miRNA-deficient HMECs. Conclusion-This study provides the first evidence that redox signaling in cells is subject to regulation by miRNA.
m iRNA represent a class of endogenous small (Ϸ22nt) RNA molecules that can repress protein synthesis. 1 It is estimated that there are more than 600 miRNAs in mammalian cells, and that about 30% of all genes are regulated by miRNA. 2 The key protein responsible for miRNA maturation is the cytosolic enzyme Dicer. 3 Arrest of Dicer activity represents a productive approach to evaluate the overall functional significance of miRNA in any specific biological paradigm. 4 -6 Several studies have demonstrated a central role of NADPH oxidase-derived reactive oxygen species (ROS) as signaling messengers in driving angiogenesis. [7] [8] [9] [10] [11] Whether such redox control of angiogenesis is subject to regulation by miRNA remains unknown. In this study, we used a Dicer knockdown approach to test the significance of miRNA in regulating the redox state and angiogenic response of human microvascular endothelial cells (HMECs).
Materials and Methods

Cells and Cell Culture
HMECs were grown under standard culture conditions (at 37°C in a humidified atmosphere consisting of 95% air and 5% CO 2 ) in MCDB-131 growth medium supplemented with 10% FBS, 100 IU/mL penicillin, 0.1 mg/mL streptomycin, 10 mmol/L L-glutamine (GIBCO-BRL) as described previously. 12, 13 siRNA Delivery to Cells HMECs (0.2ϫ10 6 cells per well in 12-well plate) were seeded in antibiotic-free medium 24 hours before transfection. Dharma-FECTTM 1 transfection reagent (Dharmacon RNA Technologies) was used to transfect cells with 100 nmol/L siRNA smart pool, for human Dicer, p47phox, or HBP1 as required. Transfection of nontargeting siRNA (Dharmacon RNA Technologies) was performed for the control group. The first transfection was performed for 72 hours as described previously (single transfection). 14 In addition, a second transfection was performed for lowering cellular miRNA content. After 48 hours of the first transfection, cells were reseeded in 12-well plates and retransfected the following day for an additional 72 hours. After transfection, cells were collected or assayed for miRNA content. siRNA transfections for the knockdown of HBP1 were performed during the process of second siDicer transfection.
Quantification of mRNA Transcription Levels
Total RNA was isolated from cells using the Absolutely RNA Miniprep kit (Stratagene). RNA (1 g) was reverse transcribed into cDNA using a Superscript III First-Strand synthesis system (Invitrogen). The transcription levels of mRNA for Dicer, vascular endothelial growth factor (VEGF)-A, HBP1, and ␤-Actin were quantified using real-time polymerase chain reaction (PCR) using SYBR green-I (Applied Biosystems). See details of primer sets in supplemental Table I (available online at http://atvb.ahajournals.org). The relative quantification approach was used to analyze the results.
Quantification of miRNA Expression Level
Total RNA including the miRNA fraction was isolated using mirVana miRNA isolation kit, according to the manufactures protocol (Ambion). miRNA levels were then quantified using specific Taqman assays for miRNA (Applied Biosystems) and mirVana qRT-PCR miRNA RT Kit (Applied Biosystems) using real-time PCR system and Taqman universal master mix. miRNA levels were quantified with the relative quantification method using ␤-actin as control.
Nuclear Protein Extraction
Nuclear protein extracts of HMECs were prepared using Nuclear Extraction Kit (Active Motif) according to the manufacturer's protocol.
Protein Detection
For details of Western Blot and ELISA procedures used see supplemental Table II .
Cell Proliferation
Transfected cells were assayed for cell proliferation using CyQUANT cell proliferation assay kit (Invitrogen).
Cell Viability
Transfected cells were washed with PBS, centrifuged (500g, 5 minutes), resuspended in PBS, and cell membrane integrity was detected using a flow cytometer (FACSort, BD). For this assay, the nonpermeant DNA-intercalating dye propidium iodide (PI), which is excluded by viable cells, was used. 15
In Vitro Angiogenic Response
For the methods used for Matrigel endothelial tube formation assay and endothelial cell migration assay see supplemental Table III . 
Determination of Intracellular ROS
Statistical Analyses
Data reported represent meansϮSD of at least 3 independent experiments. Difference between 2 means was tested by Student t test. PϽ0.05 was considered statistically significant.
Results
Dicer siRNA Double Transfection in HMECs Silences Dicer Expression and Effectively Decreases miRNA Expression Levels
Our goal was to lower miRNA content in HMECs by arresting the function of Dicer. This approach would enable us to examine the significance of miRNA in the angiogenic properties of HMECs. We noted that standard siRNA transfection procedure (single transfection, 72 hour) to knockdown Dicer resulted in lower abundance of Dicer mRNA and protein (supplemental Figure IA and IB). However, the protocol was insufficient to significantly lower the content of abundant 16 endothelial cell miRNAs such as Hsa-miR-222
and Hsa-miR-18a (supplemental Figure IC and ID). The single transfection procedure did not significantly influence cell proliferation as well (supplemental Figure IE) . To obtain significant lowering of miRNA content in the HMECs, we performed a double transfection procedure. This procedure included a second transfection of the same cells after 72 hours of the first transfection. After the second transfection, cells were maintained for an additional 72 hours. This additional time was allowed for the miRNA pool to be depleted whereas maturation of new miRNA was arrested by Dicer knockdown. Using this approach we were able to obtain not only significant lowering of Dicer mRNA and protein in HMECs but also significant lowering of both Has-miR-222 and Has-miR-18a (supplemental Figure IF through II). The double transfection approach also significantly lowered the rate of cell proliferation (supplemental Figure IJ) . For all subsequent experiments, the double transfection approach was used.
Lowering of miRNA Content by Dicer Knockdown Induced VEGF Expression
To determine the general effect of miRNA depletion in HMECs on its angiogenic pathways, the expression of VEGF-A mRNA and proteins was determined in Dicer knockdown HMECs. Compared with siControl transfected cells, we noted induction of VEGF-A transcript as well as protein in miRNA-deficient HMECs (supplemental Figure  II) . These observations suggest the presence of a repressive control of VEGF by miRNA in HMECs.
Lowering of miRNA Content by Dicer Knockdown Diminished the Angiogenic Response of HMECs as Determined by Tube Formation in Matrigel
The ability to form tubes in a Matrigel is one of the major angiogenic characteristics of endothelial cells. After double transfection with siDicer or siControl, cells were counted and reseeded on Matrigel for 24 hours. Although miRNAdeficient Dicer knockdown cells produced more VEGF-A (supplemental Figure II ), interestingly these cells demonstrated limited ability for tube formation in Matrigel compared with the corresponding siControl treated cells ( Figure  1A ). Objective analysis of this observation was performed using standardized quantitation of tube length based on specific criteria described previously 17 ( Figure 1B ).
Lowering of miRNA Content by Dicer Knockdown Limited Angiogenic Response of HMECs as Determined by the Analysis of Cell Migration
Endothelial cell migration represents an integral component of the angiogenic response and is driven by inducible NADPH oxidase derived ROS. 18, 19 To further elucidate the role of miRNA in regulating the angiogenic properties of HMECs, the migratory response of Dicer knockdown HMECs to scratch was investigated. This represents a standard model to investigate endothelial cell migration. 20 Results of HMEC migration were recorded every 2 hours (supplemental Figure III ). Dicer knockdown HMECs, with lower miRNA content, demonstrated compromised migratory properties ( Figure 1C ). Compared with siControl transfected cells, the rate of migration of siDicer transfected cells was cut down by half ( Figure 1D ).
Lowering of miRNA Content by Dicer Knockdown did not Influence Cell Viability
Compared with their corresponding controls, the viability of Dicer knockdown HMECs was not statistically different ( Figure 1E ). This result excludes the possibility that the limited angiogenic response of miRNA depleted cells was because of compromised cell viability of Dicer knockdown HMECs.
Lowering of miRNA Content by Dicer Knockdown Limited ROS Production in HMECs
ROS-dependent signaling is required for the angiogenic behavior of endothelial cells. [7] [8] [9] [10] [11] NADPH-oxidase derived ROS are required for endothelial cell migration and tube formation. 18, 21, 22 We sought to test the effect of miRNA depletion in HMECs on inducible ROS production. The phorbol ester PMA (phorbol myristate acetate) is known to induce ROS production and facilitate angiogenic response. 23 When activated with PMA for 30 minutes, Dicer knockdown HMECs demonstrated lower DHE fluorescence indicating lower superoxide production in response to PMA activation (Figure 2A ). Consistent results were obtained when DCF was used as the fluorescent probe for the detection of cellular ROS. Additionally, we noted that miRNA depletion does not only dampen inducible ROS production but also lowers resting production of ROS by HMECs ( Figure 2B ). Additional study of cellular ROS levels using a microscopic approach produced consistent results demonstrating lower ROS levels in Dicer knockdown HMECs (supplemental Figure IVA ). To test whether the observed effects of miRNA depletion on lower cellular ROS was limited to the phorbol ester pathway we tested the effects of tumor necrosis factor (TNF)␣ as well as that of VEGF on HMECs. TNF␣ is known to induce ROS in endothelial cells and stimulate angiogenic behavior. 24 -27 miRNA depletion in Dicer knockdown HMECs significantly lowered TNF␣ induced ROS production ( Figure 2C ). VEGF induces oxidant production in endothelial cells and drives angiogenic responses via redox signaling. 9 
Significance of Cellular ROS in the Angiogenic Response of HMECs
Decomposition of cellular ROS by the treatment of HMECs with the antioxidant N-acetylcysteine (NAC) significantly slowed cell migration (supplemental Figure VA) and impaired tube formation on the Matrigel (supplemental Figure  VB) . Of note, compromise in Matrigel tube formation of 
Lowering of miRNA Content by Dicer Knockdown Specifically Lowered p47phox Expression in HMECs
The superoxide-generating NADPH oxidase is converted to an active state by the assembly of a membrane-localized cytochrome b559 (gp91) with 3 cytosolic components: p47(phox), p67(phox), and GTPase Rac1 or Rac2. In our attempt to characterize the mechanisms which underlie lower inducible ROS production in Dicer knockdown miRNAdeficient HMECs, we investigated the expression of the components of the NADPH oxidase complex. Whereas miRNA depletion caused by Dicer knockdown did not influence the expression of gp91, Rac1 and Rac2, the expression of p47phox was significantly lowered (Figure 4 ). In support on the Western blot data shown in Figure 4C and 4D, the study of p47phox localization during tube formation on the Matrigel demonstrated lower p47phox levels in miRNAdeficient HMECs ( Figure 4E ).
p47phox Is a Central Component That Supports NADPH Oxidase Activity and the Angiogenesis Property of HMECs
HMECs were transfected with sip47phox or siControl. Knockdown of p47phox compromised PMA-induced ROS production and cell migration ( Figure 5A through 5C ).
Lowering of miRNA Content by Dicer Knockdown Upregulated Expression of the Transcription Factor HBP1
miRNA are expected to negatively regulate gene expression. 28 Thus, lowering of miRNA is expected to upregulate miRNA target genes. In contrast, we noted a lowering pf p47phox expression in miRNA-deficient cells (Figure 4 ). Thus, we tested the hypothesis that a negative regulator of p47phox expression represents a direct target of miRNA. HBP1 is a suppressor transcription factor that negatively regulates p47phox expression. 29 To visualize the nuclear localization and abundance of the transcription factor HBP1 we adopted an immunocytochemical approach. In addition, the abundance of HBP1 protein in nuclear extracts was examined by immunoblotting. Dicer knockdown miRNAdeficient HMECs demonstrated significantly higher levels of nuclear HBP1 ( Figure 6A through 6D) . These results demonstrate that in HMECs, HBP1 expression is directly regulated by miRNA. Global lowering of miRNA levels caused by Dicer knockdown withdraws the negative control of miRNA on HBP1 expression resulting in higher levels of HBP1. Elevated HBP1, in turn, downregulates p47phox expression and limits ROS-dependent angiogenic signaling. 
Discussion
Dicer is the key enzyme controlling miRNA biogenesis. Silencing Dicer in vivo causes embryonic lethality because of impairments in angiogenesis. 30 Silencing Dicer in vitro impairs the angiogenic response of human umbilical vein endothelial cells (HUVECs) and EA.hy.926 endothelial cells. 16, 31 Although these observations indicate the possible regulation of angiogenesis by miRNA, the underlying mechanisms remain unknown. Majority of human miRNA loci are located within intronic regions and are transcribed by RNA polymerase II as part of their hosting transcription units. The primary transcripts are cleaved by Drosha to release approximately 70-nt pre-miRNAs that are subsequently processed by Dicer to generate mature approximately 22-nt miRNAs. 32 Endogenous miRNAs have a long half-life. 16, 33 As such, it is understandable why the long double-transfection approach was more effective in lowering endogenous miRNA levels.
Our observation that Dicer knockdown miRNA-deficient HMECs show impaired tube formation on the Matrigel is consistent with a recent report demonstrating that adding VEGF to the cell culture media of Dicer knockdown cells do not restore the ability of HUVECs to form tubes on Matrigel. 16 Results of the current study display that impaired tube formation in Dicer knockdown HMECs is noted despite elevated VEGF expression. This finding is consistent with the observation that Dicer-deficient embryos contain higher levels of VEGF yet impaired angiogenesis. 30 These lines of evidence lead to the notion that Dicer-dependent miRNAs regulate the angiogenic response of endothelial cells downstream of VEGF.
ROS have been implicated to serve as signaling molecules in numerous mechanisms including angiogenesis. 34 -37 VEGF stimulates proliferation, migration, and tube formation of endothelial cells primarily through the VEGF receptor type 2 (VEGFR2). Ligation of VEGF to VEGFR2 activates NADPH oxidase which in turn produces ROS to support the angiogenic response of endothelial cells. 9 Activation of VEGF through ROS mediates 20-hydroxyeicosatetraenoic acid- induced endothelial cell proliferation. 38 ROS seems to be a common denominator signaling mediator for angiogenesis beyond that caused by VEGF. Hydrogen peroxide produced by angiopoietin-1 mediates angiogenesis. 34 Endothelial cell migration is regulated by localized production of ROS at the leading edge and at the site of injury. 18 Decomposition of ROS stalls angiogenesis both in vivo as well as in vitro. 10, 18 The current finding that Dicer knockdown miRNA-deficient HMECs produce lower levels of basal ROS demonstrates that nonphagocytic oxidases and other sources of ROS in cells under standard culture conditions are subject to regulation by endogenous miRNAs. Two lines of evidence in the current study support a central role of ROS in facilitating the angiogenic behavior of HMECs. First, that downregulation of cellular ROS by the antioxidant NAC impairs Matrigel tube formation. Second, that impaired Matrigel tube formation in miRNA-deficient HMECs can be corrected by exogenous H 2 O 2 . The latter line of evidence also indicates that the effect of miRNA on cellular redox state is functionally significant with respect to determining angiogenic outcomes. NADPH oxidase activity represents a major pathway that contributes to cellular ROS in response to activation by phorbol ester, TNF␣, and VEGF. 9, 39, 40 Our observation that miRNA-deficient HMECs show lower NADPH oxidase activity, both basal as well as inducible, provide first pointer indicating that miRNA are critically important in regulating the redox signaling network that are now known to be implicated in numerous physiological as well pathophysiological processes. 35, [41] [42] [43] NADPH oxidase is one of the major sources of ROS in vasculature. It consists of a catalytic subunit (Nox1, Nox2, Nox3, Nox4, or Nox5), p22phox, p47phox, p67phox, and the small GTPase Rac1 and Rac2. The phagocytic NADPH oxidase consists of a membrane-localized glycosylated, catalytic subunit, gp91phox (also known as Nox2), along with a second membrane-associated subunit, p22phox. gp91Phox and p22phox stabilize one another in a tightly associated heterodimer which mediates the transfer of electrons from NADPH to molecular oxygen to generate superoxide anion radicals. The interaction of the membrane components with cytosolic regulatory subunits is important for the activation of electron flow. p22Phox plays a central role in this process, via interaction with p47phox. Cytosolic small GTPase proteins Rac1 and Rac2 support optimal activity of the NADPH oxidase complex. 44 Findings of the current study demonstrate that whereas miRNA deficiency caused by Dicer knockdown does not affect the expression of gp91phox, Rac1, or Rac2, it specifically downregulates both p47phox expression as well as ROS production. Serine phosphorylation of p47phox and its enhanced binding to p22phox is involved in NADPH oxidase function in endothelial cells. 45 p47Phox-deficient mice exhibit impaired wound angiogenesis. 10 Consistently, results of this study demonstrate that knockdown of p47phox impaired ROS production and cell migration.
Given that the primary function of miRNA is to interfere with the expression of gene products, downregulation of p47 expression in miRNA-deficient cells indicated secondary regulation of p47phox by one or more repressors which may have been upregulated in response to the withdrawal of the negative control of genes by miRNA. Upregulation of HBP1 (3-hydroxy-3-methylglutaryl [HMG] box-containing protein 1) in miRNA-deficient HMECs proved that hypothesis. The transcriptional repressor HBP1 regulates the gene for the p47phox regulatory subunit of the NADPH oxidase. HBP1 represses growth regulatory genes (eg, N-Myc, c-Myc, and cyclin D1) and is an inhibitor of G 1 progression. The promoter of the p47phox gene contains 6 tandem highaffinity HBP1 DNA-binding elements at positions Ϫ1243 to Ϫ1318 bp from the transcriptional start site which were required for repression. Furthermore, HBP1 represses the expression of the endogenous p47phox gene through sequence-specific binding. Thus, HBP1 downregulates NADPH oxidase-dependent superoxide production through transcriptional repression of the p47phox gene. 29, 46 The observation that HBP1 is upregulated in miRNA-deficient HMECs is consistent with computational predictions of TargetScan 47 and miRbase. 48 These databases list HBP1 as being highly susceptible to miRNA regulation. The family of hsa-miR-29 (a, b, and c) seem likely to regulate HBP1 expression for 2 reasons. First, they were predicted with the highest scores in both computational models. Second, hsa-miR-29c and hsa-miR-29a have been recently known to be abundant in endothelial cells. 31 In summary, this study provides the first evidence that redox signaling in cells is subject to regulation by miRNA. Specifically, p47phox of the NADPH oxidase complex has been identified as one functional target. Although the focus of the current study has been on angiogenesis, it is plausible that other redox-sensitive aspects of human cell biology are subject to control of endogenous miRNA.
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